The sinking skin flap syndrome represents a less-frequent complication in patients after a decompressive craniectomy. It is defined as a neurological deterioration accompanied by a flat or concave deformity of the craniectomy-related skin flap. The underlying brain parenchyma is distorted correspondingly with its blood flow and metabolism being impaired and cerebrospinal fluid hydrodynamics being disturbed, thus causing cerebral dysfunction and neurological symptomatology. The most important options for reversal of this syndrome include Trendelenburg position, maintaining of the cerebrospinal fluid balance, and cranioplasty as a definite solution. We present a patient who underwent a decompressive craniectomy complicated by a cerebrospinal fluid leak in the operative wound treated by means of an external lumbar drainage. Subsequently he developed the sinking skin flap syndrome and a paradoxical cerebral herniation after the drainage system malfunction with a massive cerebrospinal fluid leak at the site of the lumbar drain insertion parallel to the drain itself. His symptoms were, however, successfully alleviated by a positional change, rehydration, and interruption of the lumbar drainage. This illustrational case suggests that clinicians should be aware that patients after decompressive craniectomy may develop a sinking skin flap syndrome as it may either represent an acute risk of a paradoxical brain herniation or complicate the further postoperative care if developed in a chronic way.
INTRODUCTION
As an effective surgical method designed to control a pathologically elevated intracranial pressure (ICP) triggered typically by malignant middle cerebral artery infarction, traumatic brain injury, intracerebral haemorrhage, inflammatory cerebral affections, or by other lessfrequent causes, decompressive craniectomy (DC) -a surgical removal of cranial bone flap and opening of underlying dura mater -has been used in neurosurgical practice for decades [1] . However effective this surgery may be, only a limited number of patients achieves a favourable outcome as well. In the last report from our clinic concerning the DC for traumatic brain injury we observed a good outcome in 29.17%, mortality in 29.17%, and survival with a severe disability in 41.67% of our patients [2] . Amongst the factors contributing to a cerebral dysfunction following the DC there is the very principle of this surgery: conversion of the previously closed cranial vault to an "open-box" [3] which may ini-tially reduce the ICP but also complicate the relationship between brain metabolism, perfusion, atmospheric pressure, and cerebrospinal fluid (CSF) dynamics in the decompressed area [3, 4, 5, 6] , thus causing various neurological symptomatology. With an exclusion of other intra-and extracranial causes a term "syndrome of the trephined" (SOT) was introduced for a wide spectrum of neurological symptoms in patients with cranial defects which are typically reversible after a cranioplastic surgery [7] . On the other hand, the "sinking skin flap syndrome" (SSFS) is described as a neurological deterioration with a variably delayed onset after the DC which presents with a subsidence of the skin flap under the level of the adjacent cranial surface [8] accompanied by a compression of the intracranial contents and their shift to the contralateral site, often with an impeding paradoxical brain herniation [3, 9] . Hereby we report a case of a patient who underwent the DC after an evacuation of an atypical intracerebral haematoma at our institution and later developed the SSFS and a paradoxical cerebral herniation provoked by a malfunction of an external lumbar drainage system with a CSF leak at the site of the lumbar catheter insertion parallel to the catheter itself.
CASE PRESENTATION
A 60-year-old male with a history of an inoperable oesophageal carcinoma treated by chemotherapy and external radiotherapy and with a history of a long-term warfarin intake due to a paroxysmal atrial fibrillation was admitted to our clinic form a peripheral hospital with a diagnosis of a spontaneous atypical intracerebral haematoma ( Fig 1) predominantly located in the right temporal lobe extending parietally and into the ventricular system. He presented with a GCS (Glasgow Coma Scale) value of 9 and with a severe left-sided hemiparesis, he was isocoric with pupillary reflex bilaterally preserved. Evacuation of the haematoma was indicated and due to presence of an intraoperative brain oedema a DC was also performed. As a material for augmentative duraplasty a fascia lata graft was used and fixed by interrupted sutures, a watertight dural suture was not performed, and an ICP sensor was not implanted. After repeated CT scans showing adequate postoperative findings with a reduction of the midline shift (Fig 2) , the patient was transferred back to the peripheral hospital on the 5 th postoperative day and a tracheostomy was performed here. On the 13 th postoperative day the patient was readmitted to our hospital because of the operative wound dehiscence with a CSF leak in the posterior part of the question-mark skin incision. The sedation was already discontinued and the patient was conscious (GCS 14), communicating by gestures and even verbally, obeying simple commands. A residual leftsided severe hemiparesis was present. A resuture of the leaking site of the operative wound was performed and, in order to alleviate the CSF pressure, an external lumbar drainage (ELD) system was placed in the L4/5 intervertebral space. No further CSF leak in the operative wound was observed, however after six days a malfunction of the ELD occurred possibly due to its partial extraction during the patient's movement. A new ELD system was placed through the same entry-point. 18 hours after the ELD reinsertion the patient started complaining of a severe headache and his condition rapidly deteriorated down to GCS 8 with no spontaneous limb movement but localising pain, no verbal response, and eye-opening to a painful stimuli only. His heart rate was increased up to 110 beats per minute. A massive CSF leak was observed at the site of the ELD insertion parallel to the lumbar drain itself accompanied by a newly apparent concave deformity of the craniectomy skin flap. An emergent CT control displayed a concave compression of the brain tissue in the area of the DC, compression and displacement of the ventricular system, and a midline shift of 10mm to the contralateral site with a presence of a paradoxical brain herniation (Fig 3) .
As a diagnosis of SSFS was made the ELD was temporarily interrupted, the patient was placed into the Trendelenburg position and intravenously rehydrated. The CSF leak did not continue at the moment most likely because of the large CSF volume being already lost. After the described countermeasures were performed the patient's neurological status gradually improved in a matter of hours with patient being conscious, spontaneously moving his rightsided extremities and communicating again, reporting a relief of the cephalea. The skin flap sinking also resolved. After 24 hours we continued in the ELD regime until the 13 th day when it was removed due to another (however minor) CSF leak at the site of its insertion. At that time the operative wound was well healed with no signs of dehiscence or CSF fistula. Since the patient's condition was complicated by a severe aspiration pneumonia and leukopenia we did not consider him for an early cranioplasty. Also due to a presence of a suspected metastatic focus (which was however not confirmed) the bone flap was not preserved. It was, however, possible to perform the cranial reconstruction ( Fig. 4 ) in a delayed manner -15 months later with use of an individualised 3D printed titanium alloy implant (Biomedical Engineering, Košice, Slovakia). No serious complications were encountered. The patient's clinical status was considerably improved even prior to the cranioplastic surgery as the leftsided hemiparesis was already alleviated to a subtle level only with patient being able to walk and communicate independently, scoring GOS (Glasgow Outcome Score) 4 and 2 on the Modified Rankin Scale and this neurological picture remained stable. 
DISCUSSION
A cranial bone defect resulting from the DC does not only represent a cosmetic disorder but as its very presence changes the pathophysiologic relationships between the intracranial and extracranial space, it may be accompanied by a further neurological deficit which is, however, often reversible [5, 7, 8] . In 1939 Grant and Norcross have introduced the term "syndrome of the trephined" as a combination of symptoms including headaches, mental and speech disturbances, sensory and visual changes, fatigue, and dizziness in patients with cranial defects [7] . It has been summarized that in SOT the symptoms usually begin weeks to months after the craniectomy with no relation to the location of the primary intracranial lesion and an improvement was observed after a cranioplastic surgery [4, 7, 9, 10] . Later, in 1977, a neurological deterioration with a presence of a concave deformity of the skin flap above the cranial bone defect in post-DC patients has been reported by Yamaura and Makino and named "sinking skin flap syndrome". The symptoms were typically worsened in an upright position of the patient [11] . Compression of the brain parenchyma by an effect of the atmospheric pressure was provided as an explanation of this phenomenon [8] . A rapid improvement of patients' status was also observed after the cranioplasty, but the authors strongly distinguished the SSFS from the previously reported SOT which was mostly represented by subjective complaints of the patients [8] . Another clinical entity, the "motor trephine syndrome", was described in patients after DC for traumatic brain injury. It develops with a longer delay (median 4.5 months after craniectomy) and is associated with present postcontusion foci and CSF flow disturbances after DC (subdural hygromas and hydrocephalus). Clinical picture shows a reversible monoparesis contralateral to the side of DC that is quickly reversible by cranioplasty. CT and perfusion studies reveal an intraparenchymal CSF transgression into the former contusion foci with further oedema formation and subsequent local perfusion attenuation in these regions. Cranial reconstruction improves these findings as well [12, 13] . It is, however, undeniable that all the above mentioned clinical entities are not always clearly differentiated even in current neurosurgical literature [9, 14] .
In patients with the SSFS the typical symptoms include alteration of consciousness, headache, cranial nerve palsies, worsening of the limb-paresis, and speech dysfunction. Dysautonomic syndrome presenting with paroxysms of increased blood pressure, heart and respiratory rate, and profound swelling has also been reported [8, 11, 15, 16] .
Numerous causes of the SSFS have been described, often linked to the size of the skull defect and presence of a pressure gradient between the extracranial and intracranial space [3] . A typical subacute or chronical onset of SSFS is associated with a large DC with no other provoking factors being present except a positional change and dehydration [17, 18, 19, 20] . SSFS with a more acute onset may occur in situations with a present CSF leak or diversion such as in patient with an implanted ventriculo-peritoneal shunt [6, 11, 16, 21, 22, 23, 24] or external lumbar drainage [25] . If the volume of intracranial contents is swiftly lowered, such as during hyperventilation or after administration of osmotic diuretics, the SSFS can also develop [1, 3] .
CT findings in patients with the SSFS typically display the concave distortion of the brain parenchyma corresponding to the cranial bone defect, a compression of the ipsilateral ventricle, and a contralateral shift of the midline structures including the third ventricle. There may also be signs of an imminent paradoxical brain herniation [3, 9, 11] .
Treatment modalities for reversing of the SSFS with an acute onset include restoration of the balanced CSF hydrodynamics by moving the patient into Trendelenburg position and restoring the CSF volume by means of adequate rehydration, setting a higher opening pressure of ventriculo-peritoneal shunt valves or even a temporary ligation of the shunt catheter, and the ELD cancellation with a possible use of a lumbar blood patch [11, 16, 22, 25] . The traditional countermeasures against the intracranial hypertension (such as diuretics and A C T A M E D I C A M A R T I N I A N A 2 0 1 9 1 9 / 3 osmotherapy) during a present SSFS, however, pose a serious risk of patient's status worseni ng and may lead to the paradoxical brain herniation [3, 20] . Due to the conservative treatment of the SSFS being not always effective an early cranial defect reconstruction was proven to be a definite solution for the SSFS as it turns the intracranial space to its original "closed-box" state, thus alleviating the disturbed relationships between the intracranial compartments [3, 16, 17, 18] . There is also an alternative surgical method for cranial decompression that avoids the need for subsequent cranioplasty and also avoids the complications associated with the bone flap removal. In carefully indicated cases where a DC would be too radical (for example the intraoperative brain oedema is not too massive or its postoperative development is not expected), an osteoplastic decompressive craniotomy may be performed. During this surgery a large craniotomy with an oblique bone incision using a Gigli saw is performed, but the bone flap remains connected to the temporalis muscle which later acts as a hinge. Durotomy and sanation of an eventual intracranial mass lesion is done and then the augmentative duraplasty is performed. The relatively unfixed bone flap remains elevated during a presence of intracranial tissue expansion and later returns to its original position and fuses with the surrounding bone. If the osteoplastic decompressive craniotomy proves as insufficient in any individual patient, it can always be converted to a standard DC [1, 26] .
Various models have been introduced in order to explain the pathophysiologic mechanisms responsible for the neurological deficits associated with the SSFS. It was proposed that after the craniectomy the adjacent brain parenchyma unprotected by the bony vault is affected by the atmospheric pressure which is transmitted through the sunken skin flap [6, 8, 11] . This external force causes the concave deformity of the skin with a distortion of the meninges, compression of the subarachnoid space and the underlying brain tissue, thus altering the cerebral blood inflow and venous outflow, cerebral metabolism, and CSF flow velocity and resorption [3, 4, 8, 27, 28] . Due to an almost direct transmission of the atmospheric pressure onto the intracranial space the ICP tends to equalize with the atmospheric pressure (1033cm of H 2 0) and if a rapid change of the intracranial compartment volume occurs, such as during the upright position, dehydration or during a CSF leak the intracranial contents may be pushed downwards through the tentorial notch and foramen magnum leading to an aggravation of present symptoms and even to a paradoxical cerebral herniation [3, 8, 10, 15, 25, 28] . The CSF dynamics is typically restored after the cranioplastic surgery which results in normalisation of the ICP [4, 8] . Clinical studies using MR perfusion scans [29] , MR spectroscopy [30] , CT perfusion [6] , xenon-enhanced CT perfusion scans [30, 31] , and transcranial Doppler-ultrasound [5] have similarly proven a subnormal cerebral blood flow in patients who underwent DC. The cerebral blood flow increase occurred after cranioplastic surgery with symptoms of SSFS and SOT being alleviated [29, 30, 31] . These cerebral blood flow changes affect not only the hemisphere adjacent to the cranial defect but the contralateral one as well [6, 31] . The cerebral glucose metabolism is also increased after cranioplasty, as reported in a PET-CT study performed by Winkler et al. [5] . All reports mentioned therefore confirm a normalisation of intracranial conditions altered by the DC and a therapeutic value of cranioplastic surgery. The suddenly increased cerebral blood flow and volume after cranioplasty can, however, occasionally culminate into a reperfusion injury and a secondary intracerebral haemorrhage probably because of an impaired vascular resistance in the previously damaged hemisphere [32, 33] .
In the case we hereby present a sudden loss of the CSF volume and pressure due to the leak at the site of the ELD catheter insertion most likely resulted in a rapid increase of pressure gradient between the extracranial, intracranial, and intraspinal space creating the concave scalp deformity typical for SSFS. The patient's brain was pushed to the site contralateral to cranial defect (as proven by CT verified paradoxical herniation with midline shift) by a combination of the atmospheric pressure and gravity force and the meninges were similarly distorted, thus causing the sharp headaches. As the brain shifting progressed the cerebral blood flow was presumably disturbed and the cerebral dysfunction resulted in an unresponsive status. This explanation would be correspondent with the findings reported by Yamaura, Nakamura, Yoshida, and Zhao [8, 11, 25, 30] . After a proper management by means of the ELD interruption, sufficient rehydration, and Trendelenburg position the patient's status gradually improved and the skin flap deformity disappeared most likely because of restoration of the CSF volume and the pressure gradient reversal caused by Trendelenburg position. This example demonstrates a possibility to reverse a SSFS and the paradoxical brain herniation with the acute onset and highlights a need of quick recognition of this condition in order to provide adequate countermeasures.
CONCLUSION
The SSFS represents a less-frequent complication of DC that can, however, cause longterm neurological dysfunction or an acute and more serious worsening of the patient's status and even lead to the paradoxical cerebral herniation. It should be, therefore, recognized as fast as possible by the clinicians. The treatment is based on the restoration of CSF hydrodynamics with the early cranioplasty being the ultimate solution.
